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Abstract 
Engineered wetland phytoremediation is an aesthetically pleasing, solar-driven, passive technique useful for cleaning up wastes 
including metals, pesticides, crude oil, polyaromatic hydrocarbons, and landfill leachates and has become an increasingly 
recognized pathway to advance the treatment capacity of wetland systems. This review addresses the mechanisms of 
phytoremediation in engineering wetland systems when reducing loads of various contaminants, as well as the application of 
phytoremediation as an environmentally sound technology in engineered wetland systems in both laboratory and field levels, 
followed by a case study of full scale application in Newfoundland, Canada. The review is expected to help add more capacity to 
understand phytoremediation in engineered wetland systems, and establish an effective framework for further applications. 
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1. Introduction 
Phytoremediation is the use of plants to cleanup or control many kinds of pollutants including metals, pesticides 
and oil [1]. Those plants also help prevent wind, rain, and groundwater from carrying pollution away from sites to 
other areas [2]. Over the last two decades, phytoremediation has become an increasingly recognized pathway for 
contaminant removal from water and shallow soils and is an aesthetically pleasing, solar-driven, passive technique 
useful for remediation of shallow plumes with low to moderate levels of contamination [2]. 
Subsurface plumes travel down-gradient and can undergo remediation along the way primarily through microbial 
attenuation reactions [3]. As plumes reach shallower depths, they encounter the rhizosphere of upland plant 
communities where initial phytoremediation can begin [4]. Eventually, groundwater flows outcrop and feed surface 
water flows [5]. In this zone, diffuse plume contaminants are more accessible to phytoremediation activity and the 
 
 
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
1316 B.Y. Zhang et al. / Procedia Environmental Sciences 2 (2010) 1315–1325
plant communities are by definition wetlands [6]. Wetlands by their positioning for shallow access to these 
contaminant plumes and their characteristically high productivity [6] may represent the low-cost/high-value cleanup 
systems envisioned by EPA [2].  
Plants in a natural wetland provide a substrate (roots, stems, and leaves) upon which microorganisms can grow as 
they break down organic materials and uptake heavy metals [1]. However, as a result of the exponentially increasing 
demands of human expansion and resource exploitation, it has been recognized that natural wetland ecosystems 
cannot always function efficiently for desired objectives and stringent water quality standards [7]. These and many 
other factors have led to the rapid development of "constructed wetlands" for waste (especially wastewater) 
treatment [7]. A constructed wetland (CW) is an artificial marsh or swamp, which have been designed and 
constructed to utilize the natural processes involving wetland vegetation, soils, and their associated microbial 
assemblages to assist in waste treatment [8]. It usually consists of a number of individual rectangular and/or 
irregularly-shaped basins (cells) connected in series and surrounded by clay, rock, concrete or other materials. Three 
types of cells may be used in a constructed wetland system (CWS): free water surface (FWS) cells, sub-surface flow 
(SSF) cells, and hybrid cells that incorporate surface and subsurface flows [9].  
CWSs have proven successful for remediating a variety of water quality issues, with advantages over the natural 
wetlands, but still have some disadvantages [10]: performance of CWS may be less consistent than in conventional 
treatments due to the environmental changes at different seasons; the biological components are sensitive to toxic 
chemicals (e.g., ammonia and pesticides); and flushes of pollutants or surges in water flow may temporarily reduce 
treatment effectiveness. Engineered wetland systems (EWSs) thus designed to take advantage of ordinary CWSs, 
but do so within a more controlled way [11]. 
Engineered wetlands (EWs) are special, advanced, semi-passive kinds of CWs in which operating conditions are 
more actively monitored, manipulated and controlled in such a manner as to allow contaminant removals to be 
optimized [9]. At the same time, cold weather operability is improved in EWs, as is the ability to deal with 
otherwise adverse conditions and recalcitrant wastewaters such as landfill leachates and mine drainages. All EWs 
are CWs, but not all CWs are EWs [11]. CWSs may be “engineered” in many ways as shown in Table 1. With EWs, 
competing reactions that are carried out in the same cells (often SSF) of ordinary CWs (e.g., aerobic nitrification and 
anaerobic denitrification) can be carried out in separate EW cells (In the case of the nitrogen reactions, virtually 
stoichiometric conversion of ammonia to nitrate, and nitrate to nitrogen gas can be achieved much more efficiently 
in a much smaller EWS.) [12]. With EWs, many kinds of biological and chemical process systems (e.g., aerobic and 
anaerobic bioreactors, limestone drains) can be “expressed” as cells of the system (Table 1). EWs can be used to 
bridge the gap between active treatment and eventual, fully passive treatment in the ordinary CWs, ending the need 
for the more aggressive treatment methods [12]. 
Table 1. Ways to "Engineer" a Constructed Wetland [9] 
Design modifications Aeration in/under substrate beds to increase aerobic 
biodegradation rates 
Use of engineered SSF substrates in place of gravel to 
adsorb contaminants and control hydraulic loading 
Process additions Chemical and energy addition (eg. low grade heat) 
Dilution, alkaline streams 
Vegetation changes Plant harvesting for nutrient removal 
Phytoremediating plants, stress resistant species 
Advanced operation methods Recycle of effluents, intermediate streams 
Separation of competing reactions into different cells 
Phytoremediation in EWs has been successfully tested in many locations worldwide, but full-scale applications 
are still limited due to a number of mechanism-related challenges. For example, assessing the phytoremediation 
potential of EWs is complex due to variable environmental conditions, the different actions of plants and their 
associated rhizosphere bacteria on contaminants. The rate of biodegradation and mineralisation during 
phytoremediation is usually affected by the nature and concentrations of contaminants present, as well as 
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surrounding soil/air moisture, pH, temperature, soil elemental contents and their bioavailability, and the supporting 
microbial media [1]. Moreover, the optimization of plant uptake of contaminantsˈ the positive attributes for 
remediating contaminants provided by physico-chemical properties of wetlands, as well as the determination of the 
best technical design parameters to achieve the maximum utilisation of resources are challenging tasks for 
environmental engineers and researchers. 
This review thus focuses on the mechanisms of phytoremediation in EWSs when reducing loads of various 
contaminants, as well as the applications of phytoremediation as an environmentally sound technology in EWSs in 
both laboratory and field levels, followed by a case study of full-scale application in Newfoundland, Canada. The 
review is expected to help add more capacity to understand phytoremediation in EWSs, and establish an effective 
framework for further applications. 
2. Mechanisms 
Phytoremediation is best applied at sites with shallow contamination of organic compounds and metal pollutants 
that are amenable to one of five actions: Phytotransformation, Rhizosphere Bioremediation, Phytostabilization, 
Phytoextraction, or Rhizofiltration [13]. Plants have shown the capacity to withstand relatively high concentrations 
of organic chemicals without toxic effects (phytotransformation), and they can uptake and convert chemicals 
quickly to less toxic metabolites in some cases. In addition, they stimulate the degradation of organic chemicals in 
the rhizosphere by the release of root exudates, enzymes, and the build-up of organic carbon in the soil (rhizosphere 
bioremediation). For metal contaminants, plants show the potential for uptake and recovery of contaminants into 
above-ground biomass (phytoextraction), filtering metals from water onto root systems (rhizofiltration), or 
stabilizing waste sites by erosion control and evapotranspiration of large quantities of water (phytostabilization). 
Numerous informative overviews of phytoremediation processes have been developed and address both wetland and 
non-wetland plant species [1, 3, 4, 14-18]. 
Phytoremediation in EWs have been successfully used to remove metals and organic contaminants from mine 
waste, agricultural runoff, and industrial effluent [3]. The systems are typically less expensive and require less 
maintenance than traditional remediation technologies because they utilize naturally occurring physical, chemical, 
and biological processes to remove contaminants. The processes at work in treatment wetlands depend on the 
characteristics of plants, contaminants, and wetland physico-chemical properties.  
2.1. Processes of plant uptake of contaminants 
The plants most often used in EWs are persistent emergent plants, such as bulrushes (Scirpus), spikerush 
(Efeocharis), other sedges (Cyperus). Rushes (Juncus), common reed (Phragrnites), and cattails (Typha). Not all 
wetland species are suitable for waste treatment since plants for EWSs must be able to tolerate the combination of 
continuous flooding and exposure to waste streams containing relatively high and often variable concentrations of 
pollutants. A number of species that have been used successfully in North America are listed in table 2. 
The functions of wetland plants make them an important component of EWs. Plants contribute to contaminant 
removal by altering hydrology, sequestering particulates, and accumulating pollutants [19]. These processes can be 
utilized to design EWSs with a number of treatment approaches, which are mainly phytoextraction, rhizofiltration 
and phytostabilization. 
One possible biological removal mechanism relies on the ability of plants to take up contaminants. Different 
species of wetland plants can differ in their performance in EWSs. The role that wetland plants play in arsenic 
remediation in temperate climates was ever investigated [20] in order to maximize the removal of arsenic using 
wetlands. Three native plant species that accumulated arsenic (Carex stricta, Pycnanthemum virginianum, and 
Spartina pectinata) were selected. The results indicated that native plants could be used in wetlands engineered for 
arsenic remediation, with different performances. Microcosm and mesocosm scale experiments were carried out to 
investigate the effects of vegetation on the performance of EWSs to treat mixtures of volatile organic compounds 
(VOCs) [21]. Phragmites communis and Typha latifolia, the commonest wetland plant species, were compared in a 
mesocosm scale EWS, 8 common wetland plant species were compared using microcosm experiments and 12 
common wetland plants were similarly compared based on their aboveground (AGB) biomass contribution. Results 
showed that Phragmites- and Typha-planted EWS units performed comparably, removing completely 1,1,2,2-TeCA 
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and TCE and their daughter. After a long period of exposure to high concentration VOCs, Phragmites plants 
weakened and died while Typha plants flourished. Microcosm experiments indicated that different species of 
wetland plants can differ in their influence on dechlorination of VOCs [22].  
Moreover, lab training can help obtain highly productive plant species to extract, resist, detoxify, and/or sequester 
pollutants as an environmentally friendly alternative to remediation methods. Several plant species (e.g., 
Arabidopsis, tobacco, canola, yellow poplar, rice) under the control of plant regulatory sequences are selected for 
mercury remediation [23]. The work demonstrated that native trees, shrubs, and grasses can be engineered through 
lab training to remediate the most abundant toxic mercury pollutants. 
Table 2. Popular plants for EWs (adapted from [10]) 
Recommended Species Maximum 
Water Depth* 
Notes 
Arrow arum 
Peltandra virginica 
12 inches Full sun to partial shade. High wildlife value. Foliage and rootstocks are not 
eaten by geese or muskrats. Slow grower. pH: 5.0-6.5. 
Arrowhead/duck potato 
Saggitaria latifolia 
12 inches Aggressive colonizer. Mallards and muskrats can rapidly consume tubers. 
Loses much water through transpiration. 
Common three-square 
Bulrush  
Scirpus pungens 
6 inches Fast colonizer. Can tolerate periods of dryness. High metal removal. High 
waterfowl and songbird value. 
Softstem bulrush 
Scirpus validus 
12 inches Aggressive colonizer. Full sun. High pollutant removal. Provides food and 
cover for many species of birds. pH: 6.5-8.5. 
Blue flag iris 
Iris versicolor 
3 - 6 inches Attractive flowers. Can tolerate partial shade but requires full sun to flower. 
Prefers acidic soil. Tolerant of high nutrient levels. 
Broad-leaved cattail**  
Typha latifolia 
12-18 inches Aggressive. Tubers eaten by muskrat and beaver. High pollutant treatment, 
pH: 3.0-8.5. 
Narrow-leaved cattail** 
Typha angustifolio 
12 inches Aggressive. Tubers eaten by muskrat and beaver. Tolerates brackish water. 
pH: 3.7-8.5. 
Reed canary grass 
Phalaris arundinocea 
6 inches Grows on exposed areas and in shallow water. Good ground cover for berms. 
Lizard’s tail 
Saururus cernuus 
6 inches Rapid grower. Shade tolerant. Low wildlife value except for wood ducks. 
Pickerelweed 
Pontedaria cordata 
12 inches 
 
Full sun to partial shade. Moderate wildlife value. Nectar for butterflies. pH: 
6.0-8.0. 
Common reed** 
Phragmites australis 
3 inches 
 
Highly invasive; considered a pest species in many states. Poor wildlife 
value. pH: 3.7-8.0. 
Soft rush 
Juncus effusus 
3 inches Tolerates wet or dry conditions. Food for birds. Often grows in tussocks or 
hummocks. 
Spikerush 
Eleocharis palustris 
3 inches Tolerates partial shade. 
Sedges 
Carex spp. 
3 inches Many wetland and several upland species. High wildlife value for waterfowl 
and songbirds. 
Spatterdock  
Nuphar luteum 
5 ft,  
2 ft minimum 
Tolerant of fluctuating water levels. Moderate food value for wildlife, high 
cover value. Tolerates acidic water (to pH 5.0). 
Sweet flag 
Acorus calamus 
3 inches Produces distinctive flowers. Not a rapid colonizer. Tolerates acidic 
conditions. Tolerant of dry periods and partial shade. Low wildlife value. 
Wild rice 
Zizania aquatica 
 
12 inches Requires full sun. High wildlife value (seeds, plant parts, and rootstocks are 
food for birds). Eaten by muskrats. Annual, Non-persistent. Does not 
reproduce vegetatively. 
*These depths can be tolerated, but plant growth and survival may decline under permanent inundation at these depths. 
**Not recommended for stormwater wetlands because they are highly invasive, but can be used in treatment wetlands if approved by 
regulatory agencies 
Some factors including plant age and seasonal variation can influence the ability of a plant to uptake 
contaminants. Optimization of such factors would help to increase the role of plants in EWs. Generally, young roots 
grow faster and have higher nutrient uptake rates than older roots [24]. Silva Gonzaga et al. [25] indicated that 8 
week old Pteris vittata took up and translocated arsenic to shoots more rapidly than plants that were 16 months, 
suggesting that young plants would be most efficient for phytoextraction. However, Rofkar [20] stated that the age 
of C. stricta and S. pectinata did not affect uptake of arsenic by roots, but older plants transferred a greater portion 
of arsenic to leaves and stems than younger plants. Seasonality of wetland system functions can play an important 
role in determining relative phytoremediation actions. Seasonal changes in transpiration rates could change 
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contaminant uptake rates and plume flow regulation by wetland plants [3]. Undisturbed cores within the prograding 
delta at an engineered wetland are correlated using visual and physical descriptions and characterized using GC-
ECD to determine pesticide removal. Data indicate a better correlation of pesticide content with season than with 
texture or organic matter content. [27]. Among aquatic systems, wetlands generally experience the greatest seasonal 
variability, in terms of photosynthesis, respiration, and growth [6]. Rofkar’s experiments [20] show that when 
exposed to arsenic in conditions representative of spring and summer in northwest Ohio, the warm-season species (S. 
pectinata) performed best in summer conditions, while the cool-season species (C. stricta) exhibited consistent 
uptake in both sets of conditions. Arsenic extraction could be maximized by allowing plants to accumulate arsenic 
throughout the growing season, and harvesting aboveground portions in the fall.  
Creating mixtures of plant species is a possible strategy for phytoremediation of contaminant mixtures in the 
EWs. Contaminates in the environment often contain a combination of potentially hazardous chemicals. Creating 
wetlands with a mixture of plant species that vary in their affinity for each contaminant, could maximize the amount 
of contaminants removed, and ensures that remediation of multiple contaminants occurs simultaneously [3]. 
Meanwhile, a community of plants could maximize uptake throughout the growing season. In tropical or sub-
tropical areas, where the growing season lasts most or all of the year, a single plant species might be sufficient for 
phytoremediation. But in temperate and cold areas, using mixtures warm- and cool-season species could maximize 
the length of the uptake season, thereby maximizing contaminant removal [20]. 
Although plant species play a direct role in phytoremediation, their interaction with sediment microbes can play 
an equal or bigger role [3]. Rhizosphere and sediment microbial activity directly degrades contaminants such as 
VOCs [28], and is also important for efficient metals uptake by wetlands plants. Rhizosphere bacteria in laboratory 
microcosms facilitated the uptake of Se and Hg in salt marsh bulrush (Scirpus robustus) and rabbitfoot grass 
(Polypogon monspeliensis), thus enhancing phytoremediation tests [29]. Wetlands microcosm experiments with Pb 
and Cd highlight the importance of accounting for metals uptake by organic sediments. The microcosm results 
revealed that plant metal accumulation to be of secondary importance compared with sediment actions [30]. 
2.2. Physico-chemical properties of EWs 
The performance of contaminant removal from an engineered wetland is highly dependent upon physical and 
chemical properties of the system. Of these, the substrate may play a great role, and could very well be the factor 
that is most amenable to control. The suitability of a passive technology, consisting of filters composed of a mixture 
of limestone and sandstone rocks, for the treatment of landfill leachates were investigated [31]. The limestone and 
the limestone/sandstone filters successfully removed iron from the prepared solutions with an average daily rate of 
more than 97.60%. The removal of manganese from solution was not as efficient as iron removal. Neither the filter 
type nor the solution type affected the iron and manganese removal efficiencies [31]. Seven substrates (bauxite, 
shale, burnt oil shale, limestone, zeolite, light expanded clay aggregates and fly ash) and seven monitoring 
parameters (pH, cation exchange capacity, hydraulic conductivity, porosity, specific surface area, particle size 
distribution and phosphate removal rate) were examined in a EWS [32]. Fly ash and shale had shown the highest P 
removal rate, followed by bauxite, limestone and LECA. Of the seven materials examined, shale had the best 
combination of properties as a substrate for this wetland system [32]. Mbuligwe [21] evaluated the impact of 
different substrates and salinity in a EWS on the dechlorination of VOC mixtures. Based on microcosm and 
mesocosm experiments, the compost/sand mixture performed better than the BionSoil/peat/sand mixture, 
demonstrating that the former is a better substrate for EWSs.  
Pollutant initial concentration and loading rates were found to influence the performance of EWS. Increasing 
loading rates and initial concentrations resulted in a decrease in dechlorination rates. As such, loading rates and 
initial concentrations are important design considerations. A study examined the self-organizational influences that 
an external subsidy had on an engineered wetland between 1991 and 1993 [33]. This wetland received a subsidy of 
continuously pumped hypereutrophic lake water. For comparison, an adjacent unsubsidized marsh served as a 
reference. As a result of the subsidies of water and nutrients from the pump system, community parameters 
including vegetative percent cover dominance, animal density and overall biomass were higher in the subsidized 
marsh. Results suggested that the rate of successional processes in a constructed marsh could be manipulated by the 
control of hydrology subsidies [33]. 
1320 B.Y. Zhang et al. / Procedia Environmental Sciences 2 (2010) 1315–1325
More physico-chemical parameters including pH, temperature, dissolved oxygen, salinity and amendment 
materials can impact the performance of a EWS. The use of a EWS consisting of a peat filter and a surface water 
wetland for treatment of landfill leachate was investigated [34]. Laboratory tests showed that pH, temperature, and 
solution composition had a significant effect on boron removal while shaking and solution-to-soil ratio did not have 
any significant effect. It was demonstrated that peat filter can effectively enhance the removal rate of landfill 
leachate. Ghaly et al. [31] indicated that the pH of the water samples should not exceed 7.7 so that the wetland 
system should be able to adjust to water having a slightly higher pH without suffering adverse effects. Miller and 
Chin [35] explored that in alkaline waters (pH >7.8), the photochemical degradation of agriculture herbicides 
became important only in the presence of high nitrate levels (Ĭ1 mM). In pH-adjusted (4) samples, the observed 
degradation rate coefficient increased 3−18 times of that measured at the natural pH. The promotion of the reaction 
at the lower pH was apparently related to the activation of the photochemical pathways associated with the dissolved 
organic matter (DOM) and possibly iron−DOM complexes. The results suggested that DOM played a role in 
promoting an indirect photolytic mechanism that was highly pH dependent [35]. Mehrotra [36] ever used iron 
amendments in EWSs to decrease the extent of net mercury methylation by decreasing the activity of sulfide, and 
therefore the concentration of neutral, bioavailable mercury-sulfide complexes.  Pure cultures [36] of the mercury-
methylating organism Desulfobulbus propionicus and mixed microbial cultures of the sulfate-reducing bacteria from 
five locations in San Francisco Bay were tested to enhance the mercury removal.   
Negative effects of physico-chemical properties in EWSs can be eliminated/managed through proper system 
design. Wallace [37] introduced a EWS design and performance under cold climate wetland. An approach using 
horizontal subsurface-flow and vertical-flow wetlands that are covered with an insulating mulch layer to prevent 
freezing was adopted to cases in Canada and northern United State, where conventional wetland systems has been 
limited during the freezing winter. Placing a mulch layer over the system allows the wetland to operate effectively 
throughout the winter months in preventing freezing and resulting hydraulic failure. The type of mulch insulation 
used can strongly affect the performance of the system. Only well decomposed organic materials can be used 
without degrading treatment efficiency. To be effective, insulation must be uniform in coverage, which requires that 
it be designed as an integral part of the wetland system. Salinity was found to have a negative effect on treatment of 
VOCs. Nonetheless, the salinity problem was determined to be manageable through proper design [21]. 
3. Applications 
Wetland systems, especially the constructed wetlands, have been used to treat a variety of wastes including 
agriculture and mine drainages, secondary effluent, stormwater, municipal, industrial and pulp and paper wastewater, 
as well as shallow soil and groundwater [38]. Moshiri [39] and White and Burken [38] reviewed an extensive 
collection of constructed wetlands research and applications. Phytoremdiation, as a successful remediation 
technology, has also been widely applied worldwide. However, the use of EWSs for waste treatment, especially 
integrated with phytoremediation technology has not well reported yet. Moreover, most related cases focused on the 
laboratory (batch- and pilot-) scale, with limited full size applications released. 
3.1. Metals 
The common EWS processes, which remove heavy metals from waste effluents, are (Weis and Weis, 2004): 
binding to soils, sediments, and particulate matter; precipitation as insoluble salts; uptake by bacteria, algae, and 
plants, and harvesting and removal of biomass. In batch-scale, Vajpayee et al. [40] conducted metals uptake tests 
with Vallisneria spiralis, a freshwater submerged, rooted species. Plants were tested for Cr accumulation in 
microcosms and were found to effectively remove Cr by adsorption and absorption into plant tissues, although Cr 
toxicity eventually negatively impacted photosynthesis. EWS have the potential to trap and remove metals in mine 
wastewater. Eight laboratory-scale wetlands were set up to treat a synthetic, slightly alkaline, mine water containing 
sulfate, lead (Pb) and zinc (Zn). After 45 days, the average removal in the eight wetlands was 90% for Pb and 72% 
for Zn. Sulfate was completely removed by conversion to sulfide through sulfate-reducing bacteria [8]. The 
treatment of municipal leachates, acid mine drainage and strormwater are by far the most common application of 
EWS. EWS have also been used to treat acid mine drainage from metal- and coal-mining operations [41-42]. Al, Fe, 
and Mn from acid mine drainage are efficiently removed. Mays and Edwards (2001) compared the efficiency of 
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natural and EWS in the treatment of heavy metals from acid mine drainage and observed that load rates and removal 
efficiencies of most metals were greater in the EWS than in the natural wetland. 
A pilot-scale EWS to ameliorate acid mine drainage (AMD) in New Zealand was designed [43]. Sequential-
treatment trains will be constructed and their performance evaluated in order to optimize design effectiveness. The 
AMD typically contains very high aluminum concentrations and has an aluminum to iron concentration ratio of 
three to one. Abundant steep topography can be exploited to create adequate driving head for implementing systems 
such as SCOOFI reactors while reducing and alkalinity producing systems can also be employed. Precipitation of up 
to six meters per year contributes to dynamic hydraulic characteristics and will offer unique design and treatment 
challenges [43]. 
Uptake of heavy metals by Plants in EWS is only a temporary removal process and the harvesting and removal of 
biomass is an essential step for effective cleanup of heavy metals from EWS during application. Therefore, this 
aspect needs separate attention [44]. Weis and Weis [45] stated that the extent of uptake and how metals are 
distributed within plants can have important effects on the resistance time of metals in plants and in wetlands, and 
the potential release of metals. “Phytomining,” the recovery of accumulated trace metals, may be a side benefit of 
phytoremediation. 
3.2. Organic Compounds 
In laboratory scale, a sub-surface flow (SSF) engineered wetland biological/environmental technology known as 
BioReactor Engineered Wetland (BREW) for wastewater treatment was introduced [12]. It presented the results 
from bench scale, mesocosm testing which showed that ammonia nitrogen and phosphate removals can be increased 
greatly with EWs [12]. To evaluate the fate of steroid hormones in a EWS, lithium chloride, E2, and EE2 were 
added to a EWS test cell [46]. Comparison of hormone and tracer data indicated that 36% of the E2 and 41% of the 
EE2 were removed during the cell's 84-h hydraulic retention time (HRT). It may be possible to improve the removal 
efficiency by increasing the HRT or the density of plant materials [46]. 
Integration of EWS with other treatment technologies to enhance the waste removal is a new trend. A study was 
carried out to assess the effectiveness of EWSs in the treatment of domestic wastewater pre-treated in an upflow 
anaerobic sludge blanket (UASB) reactor in the tropics [26]. One bed was left unplanted and used as a control while 
each of the remaining beds was planted with either Typha latifolia (cattail) or Colocasia esculenta (cocoyam). The 
EWS was able to remove well phosphorus, sulphate, ammonia, and COD. Mean removals of phosphorus (as 
orthophosphate) were 51% for the control unit, 69% for the T. latifolia unit, and 75% for the C. esculenta unit. Mean 
removals of sulphate were 46% for the control unit, 72% for the T. latifolia unit, and 77% for the C. esculenta unit. 
Mean removals of ammonia were 63% for the control unit, 74% for the T. latifolia unit, and 75% for the C. 
esculenta unit. Mean removals of COD were 65% for the control unit, 79% for the T. latifolia unit, and 75% for the 
C. esculenta unit. This study demonstrated that the EWS can effectively treat anaerobically pre-treated UASB 
reactor effluent. As such, when coupled to a UASB reactor, the EWS is a promising alternative to the traditional 
septic tank/soakaway coupled systems widely used for treating domestic wastewater [26]. A fair process of 
combining membranes with a EWS could be proposed for removal of nitrate from wastewater [47]. Moreover, a 
septic tank (ST)/engineered wetland coupled system used to treat and recycle wastewater from a small community in 
Dar es Salaam, Tanzania was monitored to assess its performance [22]. The EWS had two parallel units each with 
two serial beds packed with different sizes of media and vegetated differently. The larger-sized medium bed was 
upstream and was planted with Phragmites (reeds) and the smaller-sized medium bed was downstream and was 
planted with Typha (cattails). The ST/EWS coupled system was able to remove ammonia by an average of 60%, 
nitrate by 71%, sulfate by 55%, chemical oxygen demand by 91%, and fecal coliform as well as total coliform by 
almost 100%. This study demonstrated that it could be possible to treat and recycle domestic wastewater using ST/ 
EWS coupled systems [22]. 
A full-scale engineered wetland application for groundwater remediation at a former Wyoming refinery 
showcased both the design process and the improvement of a brownfield liability into a green space asset [11]. A 
cascade aerator, free-water surface wetlands, and horizontal subsurface flow EWs with pressurized aeration, were 
constructed on the site in 2003 to treat 1.6 million gallons per day of contaminated groundwater. The former refinery, 
located next to a river, had a large dissolved-phase petroleum hydrocarbon plume in an area that was ripe for 
redevelopment. The full-scale EWS design incorporates a number of unit processes including cascade aerator, FWS 
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wetlands and SSF wetlands. VOCs sourced from the cascade aerator are treated in a EWS. Water is routed to flow to 
parallel free-water surface wetlands, which allow for precipitation of iron oxyhydroxides in a natural environment 
(the area was planted with hardstem bulrush, cattail, and bur-reed plants). Following iron removal, water is routed to 
parallel horizontal SSF EWs, equipped with pressurized aeration for enhanced microbial oxidation. Results 
demonstrate that the EWS is successful at reducing iron and benzene concentrations to effluent guidelines [11].  
3.3. State of a full size practice 
The towns of Appleton and Glenwood are located on opposite sides of the majestic Gander River, in the central 
region of the Island of Newfoundland. Both towns have older sewage treatment plants with outfalls into the Gander 
River, which has a large number of guides and lodges devoted to fly fishing for Atlantic salmon. These systems 
were overloaded, costly to maintain and operate, and had extreme evidence of contamination in recent years. After 
initial screening of treatment technologies, EWS was chosen for the advantages of lower life cycle costs, and the 
benefits of a green natural system with greater environment. Abydoz, a licensee for the Kickuth system, was 
commissioned to provide the engineering design [48]. This system is the first EWS of this type providing full 
secondary treatment in Canada. 
The loadings for the design of the EWS were calculated theoretically based on the combined population and the 
provincial guidelines. The selected design flows were an average daily design flow of 3037 m3, with a peak capacity 
of 1.5 times average flow of 4555 m3/day, based on the average daily flow recorded during 2001 and 2002, as a 
monthly average. Separate treatment was required for large flows during storms, to avoid direct bypass of effluent 
into the Gander River. The organic loading used an average loading rate of 60g/PE/day with an additional 50% 
loading during times of additional storm water infiltration. With the design population (a population equivalent of 
1800), this resulted in a loading of approximately 150 kg/day BOD, with a testing BOD value from 26mg/l to 76 
mg/l. The design loadings were set with an average BOD of 60mg/l and TSS (total suspended solids) of 60mg/l.  
The basis for the design of EWS sizing is the “Root Zone” method pioneered by Dr. Reinhold Kickuth in the 
1960s in Germany. He adapted it to become the Kickuth Engineered Wetland design, a patented system with EWSs 
operating worldwide [48]. The calculations led to an overall wetland sizing for the main treatment beds of 8,860 m². 
After consideration of other parameters, such as nitrogen and phosphorus reduction, and the available local materials, 
the Appleton/Glenwood main treatment zone was increased to 12,400 m² [48]. After the size was determined, the 
shape and configuration were designed. The variables include the average daily flow, the hydraulic conductivity of 
the root zone matrix, the cross-sectional area of the system and the hydraulic pressure gradient. 
The final design of the EWS had 5 main Engineered Subsurface Wetland Beds, consisting of one main vertical 
bed and 4 horizontal beds. The wetland beds were planted with a mono-culture of nursery produced and adapted 
common reed plants (phragmites australis). The EWS included two main trains, or passageways for the towns’ 
effluent, the main flow and the storm-water flow. The sewer flow from both communities was pumped to the 
treatment facility by a combination of lift stations. On entering the treatment facility the effluent passed through a 
grinder and a spiral lift screen to remove any non-organic materials. The flow then entered a series of settling 
chambers where the majority of solids and suspended solid were removed by gravity and settle to the bottom of the 
chambers. The settling chambers provided a minimum of 4 hr- retention time. The flow was then split at the end of 
the last settlement chamber by a weir arrangement that allowed the main flow to move onto the engineered wetland 
treatment beds. The weir directed storm-water flows into a storm-water treatment bed. The storm water flow was 
separated in the settling chamber and went to a 1,216 m2 stormwater bed with a much deeper basin. It held the 
effluent and slowly released it after treatment. The two flows were then again combined and flow out into the 
Gander River through a diffuser outfall. Other than the screen and grinder there are no mechanical or electrical 
components in the EWS. No electricity or chemicals are required. The overall layout of the system can be seen in 
Figures 1 and 2. 
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Fig. 1. View of several horizontal beds 
 
 
 
 
 
 
 
 
 
Fig. 2. Aerial view of Appleton/Glenwood EWS in spring 2007 
The system was completed in November 2006 and had run continually since that time. The treatment objectives 
had been exceeded from day one, even though the test data indicated that the level of contamination entering the 
system has been higher than expected. The effluent was clear colorless and very low in organic matter, suspended 
solids, phosphorous, ammonia, nitrogen and pathogenic microorganisms. The effluent met the effluent standards set 
by the Newfoundland and Labrador Government, for discharge into a sensitive fresh water body. The overall yearly 
average results compiled from monthly data were presented in Table 3. The current results indicate that it is a very 
successful secondary treatment project. 
Table 3. One year average from monthly testing data (Dec 06 to Dec 07) in Appleton/Glenwood EWS project [48] 
Parameter Inlet Wetland Down river Standard 
BOD (mg/l) 106.0 7.2 93.21 3.0 97.17 20 
TSS (mg/l) 1622.0 5.9 99.64 2.0 99.88 30 
Nitrogen (ammonia) (mg/l) 17.3 5.9 65.90 0.5 97.11 2.0 
Total phosphorus (mg/l) 2.20 0.40 81.82 0.01 99.55 1.0 
Total coliform (MPN/100ml) 1,450,000 11,500 99.21 770 99.95 5,000 
Fecal coliform (MPN/100ml) 1,160,000 1,300 99.89 260 99.98 1,000 
4. Conclusions 
Phytoremediation in EWs is a promising alternative to treat wastes and an increasingly recognized pathway to 
advance the treatment capacity of wetland systems. The performance of contaminant removal from an EW is highly 
dependent upon the characteristics of plants, wetland physico-chemical properties of the system and contaminants 
themselves. The functions of wetland plants make them an important component of EWs. Plants contribute to 
contaminant removal by altering hydrology, sequestering particulates, and accumulating pollutants. Different 
species of wetland plants can differ in their performance in EWSs. Native trees, shrubs, and grasses can be 
engineered through lab training to enhance the applicability in the EWS. Some factors including plant age and 
seasonal variations can influence the ability of a plant to uptake contaminants. Optimization of such factors would 
help to increase the role of plants in EWs. In cold regions, creating mixtures of plant species is a possible strategy 
for phytoremediation of contaminant mixtures in the EWS. Physical and chemical properties of the system including 
the substrate, pollutant initial concentration and loading rates, pH, temperature, dissolved oxygen, salinity and 
amendment materials can impact the performance of a EWS, but some negative effects of those properties in EWS 
can be eliminated and/or managed through proper system design. 
Multi-scaled applications of Phytoremediation in EWs have been reported worldwide. However, compared with 
the cases of laboratory scales, full size applications are limited. A case study related to a successful field application 
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of a EWS was thus introduced to treat the wastewater in towns of Appleton and Glenwood in Newfoundland, 
Canada. 
Phytoremediation in EWs is becoming possible due to successful basic and applied research, much of which have 
been conducted with the interdisciplinary cooperation of plant biochemists, molecular biologists, soil chemists, 
agronomists, environmental engineers, and federal and state regulators. The understanding of phytoremediation 
reactions has recently progressed from basic uptake studies to quantifying the importance of chemical speciation for 
bioavailability and the role of genetic engineering for hyperaccumulating species. Genetic engineering of wetland 
plants may aid phytoremediation and more focused work is needed in this regard. 
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